Bovine seminal ribonuclease, the only dimeric ribonuclease described thus far, is found to exist in two different quaternary structure forms. In one, the N-terminal segment (residues 1-17) of each subunit is interchanged with the remaining segment of the other subunit, whereas in the second, such interchange does not occur. Functionally, they differ in that the catalytic activity of the form with interchange can be modulated by the substrate, whereas the noninterchange form exhibits no cooperativity. Each form can convert into the other, up to an equilibrium ratio, which is that found for the isolated protein. The results of refolding experiments of unfolded protein chains suggest that also in vivo the form lacking interchange may be produced first and is then partially transformed into the other dimeric form until equilibrium is reached. Although the implications of these findings may not be immediately apparent, they are intriguing and may have an impact on the unusual noncatalytic actions of the protein, such as its selective cytotoxicity toward tumor cells, activated T cells, and differentiated male germ cells.
In the structure of naturally dimeric BS-RNase determined by x-ray crystallography (2, 3) , the two subunits interchange their N-terminal segments (see Fig. 1A ) as do the monomers of artificially dimerized bovin' pancreatic RNase (RNase A) in the structure proposed by Crestfield and others (4, 5) . A significant consequeoce of ths 'structural arrangement is the composite nature 9f the active sites of dimerized RNase A and of naturally dimeric BS-RNase. Composite, shared active sites have been previously found for a few oligomeric enzymes (6) (7) (8) (9) . However, in all of these cases, dissociation of the oligomers produced inactive monomers. In contrast, isolated BS-RNase monomers are active-in fact, more active than the parent dimeric enzyme, although they lack its typical allosteric properties (10) .
The dimeric structure of BS-RNase is maintained not only by noncovalent interactions between subunits (3) but also by two intersubunit disulfides, which link Cys-31 and Cys-32 of one subunit with Cys-32 and Cys-31, respectively, of the other subunit (11, 12) . We have previously observed (12) that selective reduction of the intersubunit disulfides monomerizes only a fraction of the dimeric protein. This observation, which had not been fully understood thus far, has since been confirmed repeatedly, also in other laboratories (13) , with protein preparations obtained with different purification protocols (14, 15) .
The results of the experiments described in this paper indicate that the observed phenomenon of partial monomerization of BS-RNase upon cleavage of the intersubunit disulfides is a reflection of an intriguing structural feature ofthe protein. BS-RNase, as isolated, is structurally heterogeneous and consists of two subpopulations of dimers with different quaternary structures having different functional properties.
MATERIALS AND METHODS
Previously described procedures were used for purification of BS-RNase (15) , selective reductive cleavage (12) and reoxidation (16) of intersubunit disulfides, and the related assays and analyses.
The strategy, methods, and analytical methodologies for the preparation of a hybrid dimeric derivative of BS-RNase, with one subunit modified at His-12 and the other modified at His-119, were those described previously (16, 17) .
It has been shown (17) that, as for RNase A, the reaction of BS-RNase with bromoacetate occurs at N8 of His-119 and that reaction with bromoacetyluridine occurs at the NE of His-12. This was confirmed in the present experiments by amino acid analyses of the N-alkylated monomeric derivatives, which were found to contain 0.84 and 0.71 mol/mol of N8-His and NE-His, respectively. After reassociation ofthese monomeric derivatives, the hybrid dimer (see Fig. 2 ) was identified as the main protein species, separated by ionexchange chromatography, which contained after acid hydrolysis 0.84 mol of N8-carboxymethyl-His and 0.86 mol of NL-carboxymethyl-His per mol of dimer. The homologous dimers were also identified on the basis of amino acid analyses: after acid hydrolysis they contained "-2 mol/mol of alkylated His-12 and His-119, respectively.
Enzymic activity was measured with the Kunitz assay on yeast RNA (14) . Assays on cytidine cyclic 2',3'-phosphate (C>P) were carried out as described (10) . Protein crystals (kindly provided by L. Mazzarella) were obtained from concentrated ammonium sulfate as described earlier (18 about 28 kDa; (iii) SDS/PAGE, in which NCD migrated as a single band with a molecular mass of 14 kDa under reducing and nonreducing conditions; (iv) activity assays, which as previously found (R.P., unpublished), gave for NCD (as for M, see ref. 10 ) twice the specific activity of the native enzyme. It should be emphasized that these data are identical with those previously obtained (12, 13) , and it has been shown that the ratio of NCD to M in selectively reduced BS-RNase does not change when the exposed sulfhydryls of M and NCD are blocked by carboxymethylation with iodoacetate (12) or by formation of mixed disulfides, through reaction with thiosulfonate (16), or with a glutathione/ glutathione disulfide buffer (13) .
Reoxidation of the sulfhydryl groups that were exposed by the selective reduction regenerated covalent dimers from M and NCD, as assessed by gel filtration elution volumes ( Fig.  3 2I0 20 Proc. Natl. Acad. Sci. USA 89 (1992) two subunits. The covalently dimeric form reconstituted from NCD (designated as MXM), generating only NCD upon selective reduction of intersubunit disulfides, can be identified as a protein species distinct from the other dimeric form (denoted as M=M), reconstituted from free monomers, which fully dissociated to monomers upon reduction of the intersubunit disulfide bridges.
Stability of the Two Dimeric Forms of Seminal RNase. The two forms of dimers MXM and M= M were stable at 40C up to 3 months-i.e., upon selective reduction of intersubunit disulfides and gel filtration, they consistently yielded only NCD and M, respectively. However, at 370C MXM and M=M were not stable and could interconvert. Homogeneous MXM and M = M preparations, obtained through reconstruction of intersubunit disulfides from homogeneous NCD and M, respectively, were incubated at 370C in 0.1 M Tris-acetate (pH 7). At given times, aliquots of MXM and M=M were assayed for their NCD and M contents by selective reduction and gel filtration. As shown in Fig. 4 , the rate for the reaction M=M -* MXM was much slower (tl,2 = 92 h) than that of the reverse reaction (tl,2 = 13 h), and both reactions tended to plateau. For the MxM -M=M transformation, the plateau was reached when about 35% of Mx M form was transformed into M=M, which gave a ratio of MXM to M=M of 1.86:1. For the reaction M=M -MxM, after 340 h, when about 50% of M=M had transformed into MxM, the reaction was not yet complete.
These findings lead to the conclusion that in solution each form of dimer progressively transforms into the other until at equilibrium the ratio of MxM to M=M dimers approaches 2:1, the ratio found in preparations of isolated BS-RNase.
Lyophilization could also affect the MxM:M=M ratio. After two cycles of lyophilization from 0.1 M ammonium acetate solution, >70% of the M=M form was transformed into MxM, whereas the MxM form was not affected.
Structure of the Dimeric Forms of Seminal RNase. The results presented above identify two different forms of dimers in BS-RNase as isolated and are in apparent contrast to the results of x-ray crystallographic analyses of the protein, which identified a unique quaternary structure (3). We therefore dissolved crystals of BS-RNase in water and carried out gel filtration analysis after selective reduction of the intersubunit disulfides. The solubilized protein behaved exactly as the MxM dimers reconstituted from NCD: upon reduction they gave a single peak, which coeluted with NCD (data not shown).
One logical explanation for the structural heterogeneity of the protein as isolated and the homogeneity of the crystallized protein can be that under the conditions used for crystallization, only one of the two dimeric forms crystalliz- es-i.e., the one that upon selective reduction of the intersubunit disulfides generates only NCD.
Since the crystallized protein consists only of dimers MxM, which generate NCD upon selective reduction, and since in the crystallized protein the subunits interchange their N-terminal segments, the NCD content of a sample of selectively reduced BS-RNase could be a measure of such interchange. This view leads in turn to the hypothesis that the quaternary structure of BS-RNase can be arranged in two distinct modes. In one mode (MxM), the subunits interchange their N-terminal ends (Fig. 1A) ; cleavage of the disulfides that link the two subunits will not generate free M, as a significant N-terminal segment of one subunit still interacts, albeit noncovalently, with the other subunit. Furthermore, in the Mx M mode shared active sites are formed, as the interchanged segment includes active site His-12. In the alternative mode (M= M) the two subunits are each folded onto itself, with no interchange of N-terminal segments (Fig.  1B) ; thus M=M dimers readily dissociate to free monomers on cleavage of the intersubunit disulfides. In the protein as isolated, about one-third of the molecules would be in the M=M mode and two-thirds would be in the MxM mode; in the crystallized protein all molecules would be in the Mx M mode.
To test this two-dimeric-form hypothesis, we repeated on monomers of BS-RNase the classic experiment of Crestfield and coworkers (4, 5) , which established the structure of dimeric RNase A prepared by lyophilization from acetic acid.
Monomers of BS-RNase were prepared by a previously described procedure (16) based on selective reduction of the intersubunit disulfides, followed by reaction of the exposed sulfhydryls with a thiosulfonate, which formed mixed disulfides at Cys-31 and Cys-32. These monomeric derivatives of BS-RNase are stable enough for chemical modifications but can be readily reassociated into dimers by selective reduction of the mixed disulfides and subsequent air reoxidation (16) . Two preparations of these monomeric derivatives of BSRNase were selectively alkylated at His-12 and His-119, respectively, and purified by ion-exchange chromatography. After removal of the sulfhydryl-protecting groups, an equimolar mixture of the two inactivated derivatives was reoxidized to reconstitute dimeric protein. The hybrid dimer was separated from unreacted monomeric protein by gel filtration and from the homologous dimers by ion-exchange chromatography (see Fig. 2 ).
The results of the assays for enzymic activity, summarized in Table 1 , show that although the mixture of monomeric derivatives before reoxidation to dimers and the isolated homologous dimers after reoxidation had only low levels of activity, the hybrid dimer was catalytically active. This indicated that interchange between monomers of the N-terminal segments had occurred upon reconstitution of the hybrid dimeric protein from the inactivated monomers.
When the hybrid dimer was tested with C>P as a substrate (Fig. 5A) , no signs of cooperativity were detected in the saturation curve. The absence of allosteric properties, typical of native BS-RNase, has been reported for monomeric derivatives of the protein (10) and for a hybrid dimer where only one of the two subunits possessed a functional catalytic site (16) . However, in the latter case, the hybrid dimer was reconstituted from two monomeric derivatives, one fully active and the other inactivated. The present finding that the hybrid dimer reconstituted from two inactivated monomers also behaves like a "functional monomer" provides confirmation that on this engineered dimer the single site having unreacted His-12 and His-119 is contributed by different subunits.
An apparently perplexing finding was that the specific activity of the hybrid dimer was about 25% that of the native enzyme (see Table 1 ). This result was not that expected for tSeparated by gel filtration after reduction of the intersubunit disulfides of the hybrid dimer. a reconstituted hybrid dimer in which all of the molecules were in the Mx M mode. If all N-terminal ends had been exchanged the recovery of activity would have been 50%, with respect to the native enzyme, as only one of the two His-12/His-119 sites would be functional (see Fig. 2 ). Partial recovery of activity would be obtained if the reconstituted hybrid dimer contained only a fraction of Mx M. This being the case-i.e., as the recovered activity is about half of the expected value-the M x M content of the hybrid dimer must be about 50%.
Gel filtration analysis, after reduction of the intersubunit disulfides, indicated that the hybrid dimer indeed generated about 50% NCD (data not shown), hence contained 50% of the MxM form of dimer. The activity of this NCD species (see Table 1 ), separated by gel filtration from the inactive monomers and appropriately corrected (NCD have twice the activity of native covalent dimers of BS-RNase), was 41%, close to the expected value of 50%. It should be underscored that such a recovery of activity in NCD is a strong indication that NCD is a dimer in which the subunits interchange their N-terminal ends, even though it is a noncovalent dimer.
These results provide confirmation that the extent of NCD generated upon reduction of BS-RNase is a measure of its MxM content; furthermore, they also confirm the existence of two dimeric forms of BS-RNase, one in which the monomers interchange their N-terminal segments and the other without interchange.
In the experiment just described, M and NCD were obtained by dissociating a dimer reconstituted from monomers of BS-RNase. This finding is in contrast with the results ofthe experiment described above (see Fig. 3 reconstituted from free monomers consistently yielded only monomers upon reduction of the intersubunit disulfides.
Likely, the lengthy procedure for the isolation of the hybrid dimer, at temperatures of 20-24°C, and/or the repeated lyophilization steps (see above) carried out during the preparation, may have affected the original concentration of the M=M form obtained after reassociating the monomers.
Refolding of the Dimeric Forms of Seminal RNase. We next addressed the question ofwhich ofthe two dimeric forms was initially assumed by the protein upon folding from unfolded chains. Previous work (20) had shown that unfolded BSRNase chains first fold into monomers, which subsequently dimerize at a much slower rate. The following model was proposed:
where U is the unfolded chain, M(SH)2 is the folded, superactive monomer, and M* is an intermediate monomer form in which the N-terminal segment is displaced prior to association with another monomer to give the Mx M dimer, the only known form at that time (2) .
To address this question, BS-RNase, unfolded in 6 M guanidine hydrochloride and fully reduced with dithiothreitol at intrachain and interchain disulfides, was refolded by air reoxidation at a concentration of 0.1 mg of denatured protein per ml of0.1 M Tris-acetate (pH 8) for 16 h at 22°C. It has been shown (20) that under these conditions a significant fraction of the protein is renatured into native-like, fully active dimers. After this time period, the protein was treated with iodoacetamide (20-fold molar excess) for 20 min in the dark to alkylate any remaining free sulfhydryls, and fully active, dimeric BS-RNase was purified by affinity chromatography followed by gel filtration. All purification steps were carried out at 4°C. After selective reduction of the intersubunit disulfides, gel filtration analysis showed that renatured BSRNase fully dissociated into monomers, and no NCD were detected (data not shown). Thus, unfolded chains of BSRNase spontaneously refold and reassociate only into the M=M form of dimer, in which there is no interchange of N-terminal segments between subunits. Apparently, transformation of the M=M dimers into MxM had not occurred at the low temperature employed for processing the renatured protein.
These results suggest that also in vivo newly synthesized BS-RNase chains may fold and initially associate into M=M dimers. Subsequently, these dimers could slowly transform into MxM and reach equilibrium during the prolonged storage in the secretion fluid of seminal vesicles:
Certainly, the possibility must be considered that in vivo the rate of transformation is catalytically enhanced by a "foldase," which would allow equilibrium to be reached much faster.
Catalytic Properties of MxM and M=M Dimers. The enzymic activity of BS-RNase is modulated in the second step of the catalytic reaction, the hydrolytic, ratedetermining step (10) . However, as indicated above, this effect is absent in the monomeric derivatives of the enzyme (10) and also in hybrid dimers in which one of the subunits has been catalytically inactivated by chemical modification (ref. 16 ; also see above). Two preparations of M x M and M = M dimeric forms, isolated as described above and purified to homogeneity by repeated gel filtration, were tested with C>P as a substrate. As shown in Fig. 5B , only the Mx M form was found to exhibit allosteric regulation, whereas the M=M dimers behaved like free monomers, without detectable sign of cooperativity in the saturation curve. These findings are consistent with those described in the preceding paragraphs: they provide confirmation that the two dimeric forms of BS-RNase are distinct molecular entities and show that they are also functionally distinct. Furthermore, they give solid support to the previously advanced proposal (10) that the molecular basis for the allosteric behavior of BS-RNase is the composite nature of the active sites, resulting from the interchange between subunits oftheir N-terminal segments.
Concluding Remarks. There are many examples of protein structures that undergo prominent conformational changes when they interact with effectors or other proteins. Indeed, it is typical for domains and subdomains to rearrange within the protein tertiary structure when an enzyme fits to its substrate. Moreover, many enzymes are known to rearrange their quaternary structures when they interact with effectors (21) . On the other hand, it is certainly unusual to find an enzymic protein that exists, in the absence of substrates and effectors, in two oligomeric forms, which differ structurally, in their modes of subunit assembly, and functionally, in their catalytic behavior. It is also unusual that the unfolded chains of this oligomeric protein, upon refolding, spontaneously associate in one of the two quaternary structure modes, which subsequently equilibrate with the other structural mode.
The data presented here indicate that BS-RNase is such a protein. It exists in two dimeric forms, MxM and M=M (see Fig. 1 ): the former is structurally different from the latter in that its subunits interchange their N-terminal segments and is functionally different in that its activity can be modulated by substrate. A dimeric structure has thus far been considered the only essential structural requirement for expression of the allosteric properties of BS-RNase. Clearly, the data presented here support the hypothesis (10) that a dimeric structure and two functional active sites are only necessary, but not sufficient, conditions. For cooperative effects to be displayed, as previously suggested (10), two shared active sites must be present in dimeric BS-RNase.
Intriguing is the finding that isolated MxM or M=M dimers, as well as M=M dimers reconstituted in vitro from unfolded chains and presumably nascent BS-RNase formed in vivo, spontaneously transform into the other dimeric form. The net result of the transformation M=M = Mx M is just a different structure of the hinge loop connecting the interchangeable N-terminal segment of each subunit to the main "body" of the same or of the partner subunit. In fact, all bonds and attractive forces holding the N-terminal segments (including the H1 helix and the ensuing brief P-strand) onto the main subunit "bodies" are perfectly conserved in both dimeric forms. Thus, in each subunit, the main events of the transformation appear to be (i) the destruction of those bonds and forces, (ii) the displacement of the freed segment, hinging on the connecting loop, and (iii) the integral reconstruction of the same bonds and forces, only on a different subunit body.
Certainly, the transformation M=M -) MxM has functional significance, as M=M is the form that appears to be initially produced from unfolded chains and M xM is the form endowed with allosteric, regulatory properties.
On the other hand, BS-RNase is interesting not only because it is a catalytically regulatable RNase but also because of its unusual, noncatalytic biological actions on tumor cells, the male germ cell line, and T cells (1) . Whether the two different quaternary structure modes have any specific effects on the biological actions of BS-RNase remains to be investigated.
The possibility that in vivo the slow reaction rate is enhanced by an enzyme(s) does not shed light either on the significance of the observed phenomenon or on the nature and possible role of the molecular trigger that primes the event. However, if a protein were to be found that (i) promotes the rapid transformation MxM = M=M or (ii) interacts with either MxM or M=M, one could speculate that a mechanism for regulating catalytic and possibly noncatalytic functions of BS-RNase was at hand, capable, respectively, of (i) swiftly moving in either direction the interconversion or (ii) displacing the equilibrium between M x M and M= M. This model would certainly accommodate the intriguing data presented here and provide a new regulatory mechanism for the enzyme.
